Abstract
Introduction
UNIQUANT) were conducted for most of the samples. Thermogravimetric analyses (TGA) were performed in a TGA/DSC 1 STAR e SYSTEM (Mettler Toledo) under air at a heating rate of 10 °C/min.
Scanning electron microscopy (JEOL JSM 6400) images were obtained over gold-coated specimens by operating at 20 kV, while images of the smallest crystals were collected using transmission electron microscopy (JEOL-2000 FXII) . TEM specimens were prepared after repeated dispersion in acetone before pouring onto the carbon grid.
The measurements of 29 Si NMR MAS were carried out with a pulse of 90º, a recycle delay of 5 s and a spinning rate of 10 kHz. Chemical shifts referred to 3-(trimethylsilyl)-1-propanesulfonic acid. In the case of 119 Sn NMR MAS, they were measured with a pulse of 40º, a recycle delay of 100 s and a spinning rate of 12 kHz.
Chemical shifts referred to tin dioxide. Fourier transformed infrared (FTIR) transmission spectra were measured on a Shimadzu IRAffinity-1 in the range of 400-4000 cm -1 using a KBr wafer, resolution 4 cm -1 and 30 scans.
To analyze the porosity a Micrometrics Tristar 3000 instrument was used with two adsorbates: N 2 at -196 ºC and CO 2 at 25 ºC. The samples were measured after degassing them at 200 ºC for 8 h. Mercury porosimetry experiments were performed using a Micromeritics Autopore IV 9520 capable of obtaining pressures of 414 MPa.
Samples were degassed for 24 hours at 100 ºC and all penetrometers were calibrated and the baseline errors of each penetrometer, caused by the compressibility and thermal effects of the mercury and penetrometer parts, were obtained from analysis without sample.
Hydrogen isotherms at -196ºC and up to 4 MPa were obtained using a Sartorius 4406
DMT high-pressure microbalance. Hydrogen Energ. 2004 , 29, 1271 −1276 formalism, and the cell volume has been calculated by taking into account the correction described in the literature. [Kiyobayashi, T.; Takeshita, H. T.; Tanaka, H.; Takeichi, N.; Zuttel, A.; Schlapbach, L.; Kuriyama, N. Hydrogen adsorption in carbonaceous materials. J. Alloys Compd. 2002, 330, 666−669] Previous to the determination of the adsorption isotherm, the sample was degassed at 150ºC for 4 h under vacuum. After that, the sample was placed in the sample holder and then evacuated at 130ºC for 4 h in vacuum.
The sample weight was about 500 mg. Hydrogen and helium gases used in the experiments were 99.9995% pure. In both experimental systems used for hydrogen adsorption measurements, the excess hydrogen adsorption is obtained and these are the values reported in this work. Solid-state NMR MAS spectra were recorded with a Bruker AV400 WB spectrometer operating at a resonance frequency of 79.49 MHz and with a 4 mm probe.
Results

Layered stannosilicate UZAR-S3
UZAR-S3 is a white solid that, to the best of our knowledge, can be identified by a unique X-ray diffraction pattern shown in Fig. 1 Table S2 , supporting information). By scanning electron microscope (Fig. 2a,b) , it is observed that UZAR-S3 exhibits mainly spherical aggregates formed by sheets. These sheets have a size of 3-4 µm with a thickness of ca. 100 nm. 
SEM Images of UZAR-S3 (a, b), swollen UZAR-S3 (c) and UZAR-S4 (d)
In order to establish the molecular formula of UZAR-S3, three samples were analyzed by X-ray fluorescence and thermogravimetric analyses to determine metal and water composition, respectively. X-ray fluorescence gives Na/Sn and Si/Sn atomic ratios ca. 3.7 ± 0.3 and 4.7 ± 0.2, respectively. For UZAR-S3, water weight loss took place below 300 ºC with a maximum weight loss at 100 ºC representing 9.6 ± 0.5 wt%, as shown in Fig. 3 In the UZAR-S3 X-ray diffraction pattern, the first peak at 2theta=6.97º could manifest layered structure, using Bragg's law gives a d-spacing between the planes of 1.3 nm. In order to corroborate the layered structure, swelling was conducted using a successful recipe used with other layered titanosilicates (JDF-L1 [28] and ).
To favor the intercalation of molecules, the layered material was protonated in the presence of acetic acid and after this it is swollen using nonylamine. Protonated and swollen UZAR-S3 were analyzed by XRD ( Fig. 1 ) to study how these two processes, protonation and swelling, affected to the crystalline structure of the material. All the XRD reflections in the UZAR-S3 are present in its protonated form even though very small changes in the intensity are evident. Swollen UZAR-S3 displays a first peak at 2theta=2.95º characteristic of swollen materials, Bragg's law gives a d-spacing between the planes of 3.0 nm. In TGA (Fig. 3) , it is observed that the weight loss in the swollen material is greater than in the pristine one. This is due to the presence of nonylamine in the material (33.0 wt%). This amount is comparable to the amount of nonylamine intercalated in the titanosilicate JDF-L1 (with similar atomic spacing 3.0 nm), indicating a bilayer surfactant configuration [28] . This total amount of amine can be divided into two parts: the first from 150 to 275 °C due to the protonated amine and the second from 275 °C attributed to nonprotonated amine. This distinction, is similar to that occurring in the case of zeolite MCM-22P laminar [19] . The d-spacing between the layers in swollen UZAR-S3 is corroborated by TEM as is shown in Fig. 4a . Therefore, it is found that UZAR-S3 is a laminar material and the swelling process shown is effective.
Figure 4. TEM Images of swollen UZAR-S3(a) and UZAR-S4 (b)
NMR analyses were performed in order to obtain structural information of this new stannosilicate.
119
Sn NMR spectra of UZAR-S3 (Fig. 5a) shows one peak at -692.9 ppm ascribed to the single Sn(6Si) environment present [7] . 29 Si NMR spectra of UZAR-S3 (Fig 5b) shows three peaks at -80.1, -82.8 and -86.7 ppm (areas ratio ca.
1.5:1:2). These values of resonance are in the same order of magnitude as those reported for other stannosilicates but regarding number of peaks and population differences are evident even with the stannosilicate Sn-L (see table S3, Supporting information). The peak at -86.7 ppm might belong to two sites Si(2Si, 2Sn) [12] and the peak at -82.8 ppm 20 nm to a single site Si(2Si, 2Sn) [5] . The resonance at -80.1 ppm can be assigned as Si(2Si, 1Sn consists of SnO 6 octahedra and SiO 4 tetrahedra and can be classified in the OPT family. 
Exfoliated stannosilicate UZAR-S4
Swollen UZAR-S3 was exfoliated by HCl extraction to get the exfoliated stannosilicate UZAR-S4. After this chemical extraction, UZAR-S4 shows a XRDamorphous or exhibits broad reflections ( Fig. 1 ), similar to other delaminated porous materials [24] .
The delaminated stannosilicate has also been characterized by thermogravimetric analysis (Fig. 3) . At temperatures below 150 °C the weight loss is greater than UZAR-S3 because the delaminated material adsorbs more moisture by the most exposed area. The weight loss after 175 ºC could suggest that removal of the amine material has not been completed but maximum weight loss does not agree with the swollen UZAS-S3. To clarify FTIR analyses have been done (Fig. S1, supporting information), the bands at 2958, 2926, 2855 and 1558 cm -1 assigned to the presence of amine, due to C-H bond stretching of ─CH 2 ─ and ─CH 3 groups and ─NH 2 functional do not appear in sample UZAR-S4 indicating that the extraction process is adequate to remove the main portion of nonylamine.
Nitrogen adsorption isotherms of materials are compared in 
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Figure 6. N 2 adsorption/desorption of UZAR-S3, swollen UZAR-S3 and UZAR-S4 at -196 ºC
CO 2 adsorption isotherms were performed at 25 °C to the as-synthesized and delaminated stannosilicate (Fig. S2, supporting The delaminated material was analyzed by mercury porosimetry with the aim of determine the variation in the macro-and mesoporosity with respect to the synthesis, these results are shown in Fig. 7 . It is found that UZAR-S4 has a higher specific pore volume than UZAR-S3. The most significant difference is the creation of pores with a diameter greater than 20 nm, this is also seen in delamination of other materials such as vermiculite [38] , and may be due to the space created between particles of exfoliated UZAR-S3. The difference observed for diameters of pore between 10 and 1 µm is because at low pressure mercury is penetrating into the interparticle spaces 
Figure 7. Hg porosimetry of UZAR-S3 and UZAR-S4
To gain more insight in the exfoliation process, a study of electron microscopies has been realized. SEM images of UZAR-S4 (Fig 3d) did not show the aggregates of UZAR-S3 presenting broken micrometric sheets with nanometric thickness. These are also appreciable in the images of TEM in Fig. 4b . In the inset of this figure, the basal spacing observed is 3.3 Å.
29
Si MAS NMR spectra were performed in order to obtain structural information on the connectivity of TO 4 tetrahedral where T would in this case Si or Sn and oxygen could be connected to other metal atoms or protons. In Fig. 5b 
Hydrogen storage
In the development of new materials for H 2 adsorption, UZAR-S3 and S4 may play an important role. UZAR-S3, once has been swollen and delaminated to obtain UZAR-S4, shows a hydrogen adsorption behavior comparable to activated carbons with a high porosity development and not found for any of the previously reported stannosilicates. Two samples of UZAR-S4 were measured checking the reproducibility of the material in the adsorption of hydrogen at -196 °C as shown in Fig. 8 . For comparison, hydrogen adsorption isotherms of UZAR-S1, UZAR-S3 and protonated UZAR-S3 are also shown.
UZAR-S3 and protonated UZAR-S3 have a small hydrogen adsorption, and similar in both cases, because they have not been delaminated. Regarding UZAR-S1, as it has already been delaminated from JDF-L1, it has a hydrogen adsorption capacity greater (2.1 wt% at 40 bar).
UZAR-S4 shows the maximum value of gravimetric H 2 adsorption of the four materials tested being 4.2 ± 0.1wt% (average and standard deviation of two samples) at 40 bar, obtaining for 10 bar of pressure a gravimetric adsorption value of 3.7 ± 0.1 wt%. It is very important to note the solid density used to calculate the volumetric hydrogen storage capacities. UZAR-S4
has a high density, tap density of 0.43 g / mL determined by filling and vibrating a container with a known weight of sample obtaining the occupied volume and crystal density of 1.67 g / mL, so its total volumetric H 2 storage capacity, which was calculated as the sum of the excess H 2 adsorbed on the porous material and the compressed H 2 as detailed in a previous work [40] , is 26.2 g of H 2 / L (calculated from tap density) which is a remarkable value in terms of total storage capacity, especially taking into account that the tap density was used in the calculations.
These results indicate that UZAR-S4 is an optimal material for the adsorption of .
It should be noted that, as it can be clearly seen in the UZAR-S4 material, even when the H 2 pressure was reduced to 1 bar in the desorption experiment, the sample still had a very high amount of H 2 adsorbed, indicating the existence of very narrow pores which could only be filled by very small adsorbates, or for those adsorbates showing an intense interaction with the adsorbent material. At -196 °C, UZAR-S4 presents a high H 2 adsorption capacity of 3.7 and 4.2 wt% for 10 and 40 bar, respectively. These results and its high packing density (0.43 g/mL) mean a higher hydrogen storage capacity (26.2 g of H 2 /L at 40 bar) than that for other materials currently being investigated.
